The silicon (Si) based spin-MOSFET (metal-oxidesemiconductor field-effect transistor) is considered to be the building block of low-power-consumption electronics, utilizing spin-degrees of freedom in semiconductor devices. In this paper, we review the latest results on the spin transport in nanoscale Si-based spin-valve devices, which is important to realize the nanoscale spin-MOS-FET. Our results demonstrate the importance of ballistic transport in obtaining high spin-dependent output voltage in nanoscale Si spin-valve devices.
INTRODUCTION
Present computing technology is based on the manipulation of electron charge currents. However, this electronic charge-based computing technology faces serious problems of high idling power consumption and heat generation due to the leakage off-current when a device' s size is miniaturized, which restricts a device's operating speed. Hence, there is demand for alternative low-power solutions to overcome these problems in the beyond-CMOS (complementary metal-oxide-semiconductor) era. The silicon (Si) based spin-MOSFET can be a promising solution because of its high compatibility with the wellestablished CMOS technology and long spin lifetime in Si [1, 2, 3, 4, 5] . For this reason, there has been a great interest in demonstrating spin injection and detection of spin transport in Si by ferromagnetic electrodes. In fact, spin injection into microns of Si channels by using the three terminal Hanle effect [6, 7, 8] or the four terminal spin-valve effect [9, 10, 11] has been demonstrated. However, previous studies reported the spin transport only in micron-scale Si channels and the typical spin-dependent output voltages were less than 1 mV, which is not enough for realistic spin-MOSFET applications.
To improve the spin-dependent output voltage, we have proposed and demonstrated the spin-valve effect utilizing ballistic electron transport in nanoscale Si channels. It is expected that the ballistic transport of electrons in such nanoscale channels may overcome the conductivity mismatch problem that arises at the interface between a ferromagnetic (FM) electrode and a diffusive semiconductor (SC) channel [12, 13] , resulting in higher spindependent output voltage. In our studies, we fabricated Si-based spin-valve devices with a ferromagnetic spin injector / detector and a Si channel as short as 20 nm and sys-tematically investigated their spin-dependent transport characteristics [14, 15] . We have observed a clear spin-valve effect up to 3% and a spin output voltage up to ~ 20 mV, which is the highest value reported so far in lateral spin-valve devices [15] . We also found that the sign of the spin-valve effect is reversed at low temperatures, suggesting the possibility of the spin-blockade effect of defect states in the MgO/Ge tunneling barrier [15] .
DEvICE FABRICATION
In this study, we used a highly doped n-type Si (100) substrate with an electron density n = 1 × 10 18 cm -3 . The Si substrates were first cleaned by an H2SO4/H2O2 soluSpin-valve effect in nanoscale Si-based Devices To form a tunneling barrier and ferromagnetic electrodes for our devices (see Fig. 1 (a)), we used two different deposition methods; electron-beam (EB) evaporation and molecular-beam epitaxy (MBE).
A. Thin film deposition by EB evaporation
The first series of samples were fabricated by EB evaporation. After the cleaning process, the Si substrates were introduced into an ultra-high-vacuum EB evaporation chamber with a base pressure of 8 × 10 -6 Pa to deposit a 10 nm Fe layer and finally capped with a 3 nm Au thin film. In order to enhance the spin injection efficiency from Fe to Si, we inserted an MgO/Ge double layer between the Fe electrodes and Si substrates. According to the literature, MgO is a promising spin-dependent tunnel barrier for efficient spin injection from a ferromagnetic electrode into semiconductors (SCs) [16, 17] . However, it is difficult to grow a very thin MgO layer with a thickness of 1~2 nm on Si at room temperature to be used as a tunnel barrier. On the other hand, epitaxial growth of MgO on Ge has been reported [18, 19] . Moreover, deposition of a smooth thin film of Ge on Si has been demonstrated at low deposition temperature [20] . Therefore, we deposited an ultrathin (1 nm) Ge film as a buffer layer between MgO and Si, to improve the quality of the MgO layer deposited at room temperature. Here, we used 2 nm-thick MgO / 1 nm-thick Ge double layers as a tunnel barrier between the Si channel and 10 nmthick Fe electrodes. The Fe layer was capped with a 3 nmthick Au layer to prevent oxidation. All of the deposition processes were conducted in the same EB evaporation chamber without breaking the vacuum.
B. Thin film growth by MBE
In the second series of samples, in order to improve the crystal quality of the tunnel barrier and the Fe electrodes, we grew the Fe/MgO/Ge stack by MBE. After the cleaning process, the Si substrates were introduced into a MBE chamber with a base pressure of 1 × 10 -8 Pa for growing the stack, which consisting of (from top to bottom) a 10 nm Fe layer, 2 nm MgO tunnel barrier, 1 nm Ge, and 1.1 nm MgO cap layer. Knudsen cells were used for thermal evaporation of Ge and Fe, while a low-power electronbeam evaporator was used to deposit MgO with a slow rate of 0.03 Å/s. In-situ reflection high energy electron diffraction confirmed that the MgO layer grown on the Ge buffer layer became crystalline when the MgO thickness exceeded 1 nm. Furthermore, X-ray dif-fraction has been employed to investigate the crystal quality of the tunnel barrier, and has confirmed that the epitaxial relationship is Fe(001) || MgO(001) || Ge(001). Based on these results, we expect that the crystal quality of the MBE-grown MgO/Ge double layer is much better than that grown by EB evaporation in the first series [14] .
C. Nanofabrication of spin-valve devices
After the thin film deposition, we used electron-beam lithography (EBL) and ion-milling techniques to fabricate nanoscale Si spin-valve devices. Fig. 1(a) shows the schematic structure of our devices examined here. First, we used the EBL and lift-off technique to pattern a 30 nm-thick Au hard mask with a 20 nm-long and 100 nmwide gap in between, followed by Ar ion milling to etch the exposed Fe area and define a 20 nm-long Si channel. Then, the Au (40 nm) / Cr (5 nm) pad electrodes were deposited by EB evaporation. Fig. 1(b) shows a top-view scanning electron microscopy (SEM) image of a fabricated device. A nanoscale Si channel with a length of 20 nm was formed between the Fe electrodes. In the following sections, the spin-valve devices with Fe/MgO/Ge layers deposited by EB (MBE) method are denoted as EB (MBE) spin-valve devices
CURRENT -vOLTAGE ChARACTERISTICS
We investigated the conductance behavior of our devices by measuring current -voltage characteristics (I-V curves). We found non-linear I-V in all the devices, suggesting that tunneling transport through the tunnel barrier contact is dominant. Fig. 1(c) shows representative I-V curves of a MBE spin-valve device at various temperatures. A strong dependence of I-V curves on temperature has been observed as well. At low temperatures, thermionic emission of electrons from the Fe electrodes to the Si over the tunnel barrier is suppressed. In addition, free carriers in the Si channel are partly quenched. Therefore, the current becomes smaller at low temperatures. This suggests that the resistance of the device is dominated by the transport through the spin-valve structure consisting of Fe(interface) / (MgO/Ge) / Si-channel / (Ge/MgO) / Fe(interface). , while that at 15 K should be in the order of 10 -8
. Therefore, we conclude that the contribution of the parasitic AMR effect of the Fe electrodes is negligible at low temperatures.
SPIN-DEPENDENT TRANSPORT ChARACTERISTICS

A. Local spin-valve effect
In this work, we use the 2-terminal local spin-valve effect to characterize the spin transport. We show that it is possible to distinguish the intrinsic spin-valve effect from parasitic local effects by systematic measurements of the bias voltage dependence, temperature dependence, and magnetic-field direction dependence of the magneto-resistance (MR). Fig. 2 (a) and (b) show the MR characteristics of our spin-valve devices ((a) EB-device, (b) MBE-device) measured at low temperature with a magnetic field applied along the Si channel (x-direction in Fig. 1(a) ). Blue dots are the resistance data taken when the magnetic field was swept from +3 kG to -3 kG, while red dots are taken when the magnetic field was swept from -3 kG to +3 kG. Fig. 2(a) shows a clear jump of resistance ∆R up to 12 Ω (corresponding to ∆R/R = 0.8%) of the EB-device. For the MBE-device, as shown in Fig.  2(b) , we observed a huge drop of resistance |∆R| ~ 57 kΩ, corresponding to |∆R /R | = 3%, which is more than triple that of the EB-device. This result shows the importance of crystal quality for improving the spin-valve effect signal. Note that we observed negative MR at 15 K for the MBE-device, and the sign of its MR will be discussed later. The |∆R| and |∆R/R| values in the MBE-device are five orders of magnitude larger than that of the parasitic AMR effect of the Fe electrodes at 15 K (|∆RFe| ~ 0.3 Ω and |∆RFe/R |=10 -8 ). Furthermore, we measured |∆R | at various bias voltage V, and found that |∆R| strongly depends on V, as shown in Fig. 2(c) . The |∆R |-V relationship closely follows R -V. These cannot be explained by the AMR effect, because |∆RFe| does not depend on the feature articles bias voltage. From the above quantitative and qualitative considerations, we conclude that the contribution of the parasitic AMR effect is negligible, and that the observed MR effect originates from the spin-dependent tunneling process of electrons between the Fe electrodes and the Si channel through the MgO/Ge barrier. In the following sec-tions, we will concentrate on spin-valve effect of the MBE-device.
B. Magnetic-field direction dependence
Besides the AMR effect, there is the TAMR effect at the Fe/MgO/Ge/Si interface, which possibly affects the twoterminal voltage as well. This TAMR effect is due to the dependence of the tunneling density of states (DOS) in the FM electrodes on the magnetization direction. In order to distinguish the intrinsic spin-valve effect from the TAMR effect at the Fe/MgO/Ge/Si interface, we have measured the dependence of the MR curve on the magneticfield direction ϕ with respect to the x-direction, as shown in Fig. 3(a) . Fig.s 3(b)-3(f) [23, 24, 25] . However, we have observed the same shape and polarity of the MR curves for all the ϕ values, indicating that the observed MR depends only on the relative angle between the magnetic moments of the two Fe electrodes. Thus, we conclude that the observed MR is caused by the spin-valve effect. Fig. 4(a) shows the temperature dependence of the spinvalve MR ratio (∆R /R) of the MBE-device. In this Fig., the negative (positive) spin-valve MR ratio corresponds to the resistance drop (jump) in the MR curves. We found that the local spin-valve MR ratio is negative at temperatures lower than 200 K but turns to positive as usual at temperatures higher than 200 K. The inset of Fig. 4(a) shows a representative positive MR curve at 250 K. This phenomenon is unusual and has not been observed be- fore in Si-based spin-valve devices.
C. Temperature dependence
For understanding the mechanism of this inverse spin spin-valve effect, we focus on the electron tunneling process between the Fe electrodes and Si channel in our devices. Fig. 1(d) shows that the resistance of the MBEdevice increases exponentially as temperature decreases, from the order of 10 1 Ω at 300 K to 10 8 Ω at 4 K. This strong temperature dependence of the device resistance R suggests that electrons tunnel through the barrier by transport via some defect states in the barrier, whose energy level is much lower than the intrinsic barrier height between Fe an MgO. Such defect states in MgO barriers have been widely studied. For instance, in Fe/MgO/ Fe magnetic tunnel junctions, oxygen vacancy defects in the MgO barrier form gap states at about 1.2 eV below the conduction band bottom of MgO, which reduces the MgO barrier height to 0.39 eV [26] . Hence, we assume the existence of such defect-induced gap states inside the MgO barrier of our spin-valve devices. We propose a model using these defect-induced gap states to explain the inverse spin-valve effect, as shown in Fig. 4(b) and (c). In our model, the two Fe electrodes work as a spin injector and detector. Spin-polarized electrons tunnel from the Fe spin injector to the Si channel through such gap states inside the MgO barrier. These electrons then transport in the Si channel without or with little scattering (ballistic or quasi ballistic transport), and reach the opposite MgO barrier with higher kinetic energy. Finally, the electrons tunnel through gap states inside this MgO barrier to the Fe spin detector. In this picture, the relevant gap states are those with energy levels higher than the Fermi level of the Fe spin injector. At high temperatures, many electrons with high enough thermal energy in the Fe spin injector can tunnel to the gap states (thermally activated tunneling), and the device resistance is low (~ 10 1 Ω at 300 K). However, at low temperatures, the number of electrons that have enough thermal energy rapidly decreases, resulting in much higher resistance (~ 10 8 Ω at 4 K). Then, only a limited number of the gap states whose energy levels are very close to the Fermi level of the Fe spin injector can allow such tunneling. If these gap states are filled with majority spins whose residence time is long enough at low temperatures, only minority spins from the spin injector can pass through. This is a so-called "spin-blockade", a phenomenon originating from the Pauli exclusion principle, and has been observed in several quantum dot systems as well as defect states in semiconductors [27, 28] . On the contrary, the electrons that arrive at the opposite MgO barrier can have higher kinetic energy, thus they can tunnel through many available gap states whose energy levels are higher than the Fermi level of the Fe spin detector. Hence, spinblockade strongly occurs mostly at the spin injector side, not at the spin detector side. Therefore, the device resistance becomes high (low) at parallel (antiparallel) magnetization configuration, as shown in Fig. 4 (b) and 4(c). This explains the observed inverse spin-valve effect at low temperatures. As temperature increases, there are more available gap states with higher energy levels for thermally activated tunneling from the spin injec-tor. Furthermore, the residence time of electrons at the defect states can be much shorter at high temperatures. For this reason, the spin-blockade is not effective anymore, thus the conventional spin-valve effect is dominant at higher temperatures. Our model is also consistent with the impurity assisted tunneling model proposed for expla-nation of the three-terminal Hanle effect observed in some FM/SC systems [29] .
D. Spin-dependent output voltage
In this subsection, we describe the spin-dependent output performance of our devices. The spin-dependent output voltage ∆V = (∆R /R)×V of the order 100 mV is important for correct read-out in realistic applications. However, previous studies on spin injection into Si channels reported a low read-out voltage of only a few μV in 4 terminal measurements, and about 1 mV in 3 terminal measurements. In this study, by employing the nanoscale Si channel, we have significantly improved ∆V. show ∆V of our EB-device and MBEdevice, respectively. In the EB-device, we succeeded in increasing ∆V up to 13 mV at V = 1.7 V. In the MBEdevice, we have significantly improved the crystal quality of the Fe/MgO/Ge junctions, as evidenced by the much higher device resistance at 4 K (~ 10 8 Ω, compared to ~ 10 3 Ω of our EB-devices). Therefore, we achieved |∆V | = 20 mV at V = 0.9 V, which is the highest value reported so far in lateral Si-based spin-valve devices.
E. Role of ballistic transport in the nanoscale Si channel
In this subsection, we describe the advantages of ballistic transport in improving the spin-valve signal in our nanoscale Si channel. Theoretically, in the diffusive transport regime [12, 13] , the spin polarization of the current at the FM/SC interface is given by (SP) I = , in which, β is the spin-polarization of the FM layer, rF and rN are characteristic resistances defined by rF = ρF and rN = ρN , where ρF, ρN are the resistivity of the FM and SC, and , are the spin-diffusion length in FM and SC. This equation clearly shows the important role of the ratio rN/rF in determining the spin polarization at the interface. For example, using ρF ~ 1 × 10 -5 Ωcm and ~ 2 nm for Fe, ρN = 2 × 10 -2 Ωcm for n-Si (n =10 18 cm -3 ) and assuming that ~10 μm, the ratio rN / rF is ~ 1 × 10 7 , which is much larger than β. This means that there is almost no spin polarization at the interface between Fe and n-Si. In case of the FM/SC/FM structure, assuming that the length of the SC layer tN ≪ , the spin-valve ratio is given by . For the Fe/n-Si interface, even when tN = 20 nm, the ratio is of the order of 10 -9
, which means that there is almost no spin-valve effect. This is so-called the conductivity mismatch problem and can be overcome by introducing a spin-dependent tunnel barrier at the interface between FM and SC [30] , which has been widely used to obtain spin injection into SC. However, there are some problems remaining in this method. Even though spin injection from FM into SC through a tunnel barrier has been definitely demonstrated, typical values of the spin-valve ratio reported so far in lateral devices are as small as 0.01% ~ 0.1%. On the other hand, the conductivity mismatch problem can also be overcome by using ballistic (or quasiballistic) transport in nanoscale SC channels. In the ballis- tic transport regime, Ohm's law and diffusion equations used to derive the spin-polarized current are no longer valid. If the SC channel length is comparable or shorter than the electron mean free path, the transport regime changes from diffusive to (quasi) ballistic. In this case, the transport in the SC channel may be modeled using quantum mechanics instead of classical transport equations of electrons. Then, the transfer matrix method may be used to calculate the spin-polarized transport in the SC channel [2] . Utilizing ballistic transport to overcome the conductivity mismatch problem has obvious advantages such as (i) high spin-valve ratios, similar to tunneling magnetoresistance (TMR), can be achieved; and (ii) the spin-valve effect can be observed even if there is no tunnel barrier, allowing high current driving capability of spin-transistors.
In this study, in order to investigate the role of ballistic transport in our nanoscale Si channel, we also prepared and measured Si spin-valve devices with long channel lengths of L = 500 nm, 1 μm, and 6 μm by MBE. These lengths are long enough for electrons to transport in diffusive transport regime, as compared with our nanoscale Si spin-valve devices. 1 μm, and 6 μm, respectively. At room temperature, all the devices show low re-sistance values of the order of 10 Ω. This low resistance indicates the ineffectiveness of tunnel barriers of these devices because of various thermally activated transport processes through defect states in the barriers. Without the barrier resistance, no spinvalve effect can be expected for the long-channel devices. Indeed, the data in Fig. 6(b)-(d) show no spin-valve effect for the devices with L = 500 nm, 1 μm, and 6 μm, as predicted from the diffusion theory. In contrast, Fig.  6(a) shows a clear spin-valve effect of about 0.042% for the nanoscale device, even though there is effectively no barrier for this device at room temperature. This demonstrates the important role of (quasi) ballistic transport in generating the spin-valve effect when there is no tunnel barrier. measured with a bias voltage of 300 mV. At this low temperature, all the devices showed high resistance values of MΩ, indicating the effectiveness of the barrier in suppressing the thermally activated transport processes through defect states. Such barriers can eliminate the con-ductivity mismatch problem in long-channel devices. As a result, all of the devices showed relatively large spin-valve ratios. However, the data clearly show that the spin-valve ratio systematically decreases with increasing channel length; the MR ratio decreases from ~ 3% for L = 20 nm to 2.2%, 2% and 1.8% for L = 500 nm, 1 μm, and 6 μm, respectively. The drop of the spin-valve ratio is slow, consistent with the long spin-diffusion length in Si.
The results demonstrate two important roles of (quasi) ballistic transport in the nanoscale Si channel; (i) the generation of the spin-valve effect even without a tunnel barrier at room temperature, and (ii) the suppression of spin-flip scattering to achieve a higher spin-valve ratio at low temperature. We have obtained a large spin-valve ratio of 3% in the nanoscale Si channel, which is much larger than those observed in μm-long Si channel devices reported before. The electron transport in our nanoscale devices may be quasi ballistic rather than fully ballistic, because the channel length (20 nm) is not much shorter than that of the mean free path of 20 ~ 40 nm in n-type Si with n = 10 18 cm -3 [31] . By using lightly-doped Si substrates and further downsizing the Si channel length to sub-10 nm, we expect to achieve fully ballistic transport and higher spin-valve signals.
CONCLUSIONS
In this study, we have systematically investigated spin transport in nano-scale Si spin-valve devices. For the MBE-device, a huge spin-valve effect with |∆R | up to 57 kΩ, corresponding to |∆R/R| = 3%, has been clearly observed. Interestingly, we observed the inverse spinvalve effect at low temperatures, suggesting the possibility of the spin-blockade effect of defect states in the MgO tunnel barrier. The highest spin-dependent output voltage is 20 mV at the bias voltage of 0.9 V at 15 K, which is the highest value reported so far in lateral Si-based spinvalve devices. Our results demonstrate the important role of ballistic transport in improving the spin-valve effect in nanoscale Si spin-valve devices. This work is an important step towards the realization of nanoscale spin-MOSFETs. By using lightly-doped Si substrates and further downsizing the Si channel length to sub-10 nm, we expect to achieve fully ballistic transport and higher spin-valve signals.
